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Abstract. Field measurements were carried out to calculate the threshold friction velocity for
snow saltation, and mass ﬂuxes during snow drift. The wind was measured in three compo-
nents by an ultrasonic anemometer, and the mass ﬂuxes were determined using an optical
sensor (‘snow particle counter’), acoustic sensors (‘Flowcapt’) and mechanical traps. The
threshold friction velocity was found to be correlated to the grain size (R2 ¼ 0:75). The mass
ﬂux measurements were compared with numerical simulations of snow drift, and it was
demonstrated that the maximum snow transport takes place at shear stress values of roughly
two times the average shear stress over 20min. By implementing a probability distribution for
the shear stress the mass ﬂux was simulated with only the mean measured value of the shear
stress as input. This procedure enables the future use of the numerical model for operational
applications.
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1. Introduction
Wind transport of snow has a major impact on the seasonal mass balance in
Arctic and Antarctic areas. In Alpine terrain, the redistribution of snow by
the wind is also of crucial importance for avalanche formation, and is
strongly linked with the growth of vegetation. For these reasons, much work
has been done in recent years to improve knowledge on this subject. Also
sand drift has been investigated intensively, in particular in the ﬁeld of sand
saltation.
Many studies focus on numerical simulations of the physical processes
(AndersonandHaﬀ, 1991;McEwanandWillets, 1991;Naaimet al., 1998; Shao
and Li, 1999; Doorschot and Lehning, 2002).Measurements of sand and snow
drift have recently mainly been carried out in wind tunnels (Nalpanis et al.,
1993; Nishimura et al., 1998; Nishimura and Hunt, 2000). Although these
experiments are extremely valuable for testing and improving existing models,
additional ﬁeldmeasurements are needed for evaluating numericalmodels used
for simulating snow (or sand) drift in real atmospheric turbulence. However,
not many quantitative measurements from Alpine sites are available so far.
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Field measurements of snow drift started with the experiments of Budd
et al. (1966), who used mechanical traps for measuring mass ﬂuxes. Schmidt
(1982) did some pioneering work in the development of optical snow-
drift sensors. More recently, several new techniques were developed. In
the Antarctic, snow-drift measurements were performed by Bintanja et al.
(2001), who used a sensor based on a pulse-counting technique. Michaux
et al. (2001) used an acoustic sensor for their measurements at the Lac Blanc
Pass, and Jaedicke (2001) showed results from a sensor working on the same
principle.
A major problem for ﬁeld measurements, however, is the fact that an
extensive test of the diﬀerent types of sensors is needed, before the results of
such measurements can be interpreted quantitatively. It should be emphas-
ised that measuring snow drift in the outdoors may be highly complicated by
disturbing inﬂuences such as low temperatures, high humidity and riming.
Furthermore, high concentrations of snow may produce saturation eﬀects in
the measurements, or even complete blocking of the sensors.
A sensor evaluation was presented in Lehning et al. (2002), for wind-
tunnel measurements (at CSTB, Nantes) using two types of acoustic sensors
and one optic sensor. The sensor output was compared with mechanical
traps, wind measurements and model simulations. For these measurements
the optical sensor (‘snow particle counter’) showed good agreement with the
measurements using the mechanical traps, and with the simulation results.
For the acoustic sensors it is concluded that they are robust and measure
autonomously, and may therefore be suitable for operational measurements
in remote areas, for the beneﬁt of avalanche warning. However, they still
show some problems with the calibration, and may therefore in the current
state of development not yet be suitable for research applications. The
measurement techniques used for the experiments presented in this paper are
based on the results of this test.
Our purpose is to evaluate a recently developed snow-drift model with
ﬁeld measurements; the model deals with the processes of saltation and
suspension. The measurements also involve the determination of the
threshold shear stress required for snow drift, since this is an important input
parameter for the simulations. The numerical saltation model was presented
in Doorschot and Lehning (2002), and was developed for future use in
simulations of snow-height distributions in complex terrain, as well as for
operational applications, such as the computation of a ‘snow-drift index’ for
use in avalanche warnings (Lehning et al., 2002b). This snow-drift index
predicts the (dimensionless) order of magnitude of the process of snow drift
for given wind and snow circumstances. For such operational applications,
wind data are often available only in half-hour averages. Therefore the
question arises whether snow-drift simulations can be accurately performed
with such data, and associated with that, which timescale is important for the
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snow-drift process. These questions are discussed, together with the evalua-
tion of the mass-ﬂux simulations, in Section 4.
2. Experimental Procedure
All ﬁeld experiments were performed at the experimental site ‘Versuchsfeld’
of the Swiss Federal Institute for Snow and Avalanche Research. The site is
situated at the Weissﬂuhjoch in the Parsenn area, near Davos, at
2540ma.s.l., and is approximately ﬂat; at the location of the instruments the
ground has a slope of 4.5. The Versuchsfeld is surrounded by mountain
ridges on the west, north and east side, which may have a signiﬁcant eﬀect on
local atmospheric turbulence. The predominant wind directions are from
north and south at the site, and are mainly determined by topographic ef-
fects. Since it is not possible to distinguish between snow drift and precipi-
tation in the drift measurements, experiments were only done in the absence
of snow fall.
2.1. INSTRUMENTS
In the winter of 1999/2000, an experimental set-up was made, consisting of
two acoustic snow-drift sensors (‘FlowCapt’), one optical snow-drift sensor
(‘snow-particle counter’), three anemometers and mechanical snow traps.
The emphasis of these measurements was to test the suitability of the snow-
drift sensors for operational and research applications. A discussion of the
test conclusions can be found in Lehning et al. (2002). However, some
measurements were made focusing on the mass ﬂuxes of snow drift in sal-
tation and suspension.
The acoustic snow-drift sensor FlowCapt was developed by IAV Engi-
neering (Chritin et al., 1999), and consists of a microphone inside a tube that
detects the sound of impacting particles. From the signal a mass ﬂux rate is
deduced, by assuming the sound is dependent on the impact momentum. In
our experiments, two sensors of this type were used: one single-segment
sensor (FlowCapt100) of 1m height, and one multi-segment sensor
(FlowCapt520) with ﬁve segments of 0.2m length each.
The snow-particle counter (SPC-S7) works on an optical method (Sato
and Kimura, 1993), with a laser diode sending out a light signal, which is
received by a double-split sensor. Particles passing through the laser beam
cause a double peak in the detected signal. In this manner the number of
particles as well as the particle size are determined. The snow-particle counter
detects particles between 61 and 500lm in size, divided into 32 size classes;
the results are recorded either every 1 s or every 10 s. A photograph of the
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sensor is shown in Figure 1. The experiments show that the smallest particle
size consistently has the largest fraction, and that the largest particle sizes are
only detected at high wind speeds. The reason for this relates to the particle
segregation as a function of height, as was also shown in the wind-tunnel
measurements of Nishimura et al. (1998).
The mechanical traps (‘snowbags’) have an inlet area of 0.00248m2, and
are ﬁxed in the main wind direction. The anemometers (‘Young-sensors’)
sample the wind speed every second; the wind direction is also measured.
During each measurement, snow samples were taken in order to determine
the average size and dendricity of the snow grains. This was done by taking
photographs of the snow grains, followed by an image analysis (Fierz and
Baunach, 2000). The bulk density of the snow was also measured.
During the winter of 2000/2001 the focus of the experiments was on deter-
mining the threshold conditions for snow drift and the mass ﬂuxes in saltation
and suspension. The instruments were set up at the same location as in the
previous winter. Themeasurements were made with the snow-particle counter,
the snow bags and an ultrasonic anemometer. Again, each experiment was
combinedwith ameasurement of the snow characteristics and the bulk density.
The ultrasonic anemometer (Kaijo Denki, model S-2003) measures the
wind velocity in three components, as well as the air temperature. Wind
Figure 1. Picture of the optic snow-drift sensor ‘snow-particle counter’.
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speeds are measured up to 30m s1, with an accuracy of 0.05m s1. The
measurements are recorded at a frequency of 20Hz, so that the turbulence
characteristics of the wind can be taken into account.
The horizontal distance between the various sensors was about 1 to 1.5m.
In all experiments the measurement time was short enough to ensure that the
snow surface was not altered during the measurement; the sensors and the
snow surface were continuously monitored during the experiments. The area
in which the measurements took place is shown in Figure 2.
2.2. DATA PROCESSING
From the measurements with the ultrasonic anemometer the Reynolds shear
stress s [Pa] is determined using the eddy correlation method (e.g., Stull,
1988),
s ¼ qaðu0w0 þ v0w0Þ; ð1Þ
where qa is the density of air, and u
0, v0 and w0 are the deviations from the
average wind speeds in the x, y and z directions, respectively. The averaging
time must be chosen such that all relevant eddy sizes are taken into account.
In atmospheric ﬂows this averaging time is usually between 20min and 1 h.
The friction velocity u is related to the Reynolds shear stress by
s ¼ qau2: ð2Þ
When the eddy correlation method cannot be used, the friction velocity is
determined from a proﬁle method, viz.,
Figure 2. Photo of the ‘Versuchsfeld’ area where the measurements took place. The location
where the snow-drift sensors were placed is indicated with the dashed circle.
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u ¼ juhðzÞ
lnðz=z0Þ ; ð3Þ
where uhðzÞ is the horizontal wind speed at height z above the surface, u is
the friction velocity, j is the von Karman constant, and z0 is the roughness
length. Note that Equation (3) applies only in the constant ﬂux layer, and
under neutral conditions; it is also assumed that there is no need to include a
zero-plane displacement.
An overview of the experiments is presented in Table I. In total, 12
experiments were carried out for measuring the total snow mass that was
transported by the wind. For all experiments, except experiment number 5 (21
February 2001), the dominant wind direction was from the south. For each
experiment the instrumental set-up was turned into the main wind direction.
The sonic anemometer was located at low heights over the surface to ensure
that topographic eﬀects from the surrounding mountains had no inﬂuence on
TABLE I
Overview of the ﬁeld experiments done in 2000 and 2001.
Exp.
nr.
Date Time Wind
direction
Mean wind
speed (m s)1)
Wind meas.,
resolution
Height wind
sensor (m)
1 13 April 2000 1240–1315 South 5.3 Young, 5 s 1.17
2 1320–1355 4.6
3 16 April 2000 1525–1552 South 5.3 Young, 5 s 1.08
4 21 February 2001 1013–1243 North 5.0 ultrasonic
anem., 0.05 s
0.36
5 27 February 2001 1211–1402 South 4.9 ultrasonic
anem., 0.05 s
0.21
6 1430–1600 4.3
7 2 March 2001 1315–1515 South 3.8 ultrasonic
anem., 0.05 s
0.12
8 4 March 2001 1300–1345 South 5.4 ultrasonic
anem., 0.05 s
0.21
9 1348–1431 5.7
10 1434–1534 4.9
11 12 March 2001 1329–1417 South 4.7 sonic anem.,
0.05 s
0.13
12 22 March 2001 1300–1430 South 4.3 sonic anem.,
0.05 s
0.16
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the measured shear stress at the surface. The disadvantage of this set-up is that
the contribution of eddies smaller than the spanwidth of the sonic anemometer
(0.2m) is not captured. At low heights of the sensor the smaller eddies may
contribute signiﬁcantly to the total shear stress.We try to estimate this error for
our set-up by looking at the resolved fraction of the cospectral energy in
comparison to the unresolved fraction. An empirical relation describing the
cospectral energy between streamwise and vertical velocities as a function of
height over the surface is given by (Kaimal andFinnigan, 1994; their Eq. (2.56))
fCuw
u2
¼ 12n
ð1þ 9:6nÞ7=3
; ð4Þ
where f is the natural frequency, Cuwðf Þ is the spectral density, and n ¼ fz=u
is the dimensionless frequency with z the height above ground and u the mean
wind speed. From this equation it can be seen that a large proportion of the
spectral energy originates from large eddies, and at low heights over the
surface. This is mainly caused by the high wind speeds under our conditions
of drifting snow. Integrating Equation (4) over the relevant eddy sizes shows
that, for the experiments where the sonic anemometer was located at the
lowest height (2 March and 12 March 2001) the error is up to 25% and 10%,
respectively. For the other experiments the spectral energy for eddies smaller
than the sensor size is much smaller (less than 1%) compared to the total
spectral energy. We therefore did not apply a correction and conclude that
the error arising from the senor height is not critical compared to other errors
inherent in this snow-drift experiment.
As for the estimate of the measuring error in the snow-drift mass, there are
several factors that may contribute to the total error. Firstly, not all snowmass
is captured by the bags due to the shifting direction of the wind. This was taken
into account in the simulation by reducing themass ﬂux depending on the wind
direction. A second cause may arise from the changing snow depth during the
experiment and the corresponding change of drift proﬁle. To minimise this
error, the snow bags were monitored during the experiment and the experi-
ment was stopped if a signiﬁcant change in snow depth was observed. A third
error is caused by the change of trajectories due to the change of ﬂow
streamlines by the bags. The relative error from this cause is the largest at low
wind speeds, whereas themass ﬂux is largest at highwind speeds. Therefore the
largest error in the mass ﬂux will occur in the experiments with lower wind
speeds. All the errors will produce an underestimation of the measured mass
ﬂux; we estimate the error in the captured snow mass at about 10%maximum.
3. Simulations
The results of the ﬁeld measurements were used for evaluating a recently
developed saltation model (Doorschot and Lehning, 2002). Since in the ﬁeld
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measurements no distinction can be made between saltating and suspended
mass ﬂuxes, the saltation model was coupled to a suspension model. The
measurements were made close to the surface, so that the greatest part of the
mass ﬂux was in saltation.
Saltation is the wind transport of granular material that takes place in
approximately the lowest 0.05–0.1m above the surface. In the saltation layer
grains follow ballistic trajectories, which are governed by inertial forces, drag
forces and gravity. In the numerical saltation model, it is assumed that the
system is in steady state. In this case the sum of the airborne and the grain-
borne shear stress is constant with height, and is equal to the total ﬂuid shear
stress above the saltation layer. The grain-borne shear stress is the vertical
momentum transfer that is carried by the saltating particles. The saltating
mass ﬂux follows from this momentum balance, by computing particle tra-
jectories and parameterising the feedback between ﬂow and particles. For
determining the feedback, a distinction is made between the cases where
either aerodynamic entrainment or rebound is the dominant transport
mechanism in the saltation layer. The equilibrium assumption implies an
immediate response of the saltation layer to a change in wind speed. This
hypothesis and its implications are studied more closely in Section 4.
Above the saltation layer is the suspension layer, where the particle
concentration is signiﬁcantly smaller. In this layer we regard the grains as
passive tracers of the turbulent wind ﬁeld. In a one-dimensional approxi-
mation, the transport of suspended particles in the atmosphere is governed
by a balance between turbulent diﬀusion and gravitational settling. This
leads to the following expression for the concentration proﬁle (Shiotani and
Arai, 1967):
cðzÞ ¼ cðzrefÞ z
zref
 s=ju
; ð5Þ
where cðzÞ is the particle concentration as a function of height (kgm3), zref is
a reference height and s is the particle settling velocity. The one-dimensional
suspension model (5) is only valid during steady state drift, over ﬂat surfaces,
and in the absence of precipitation. In complex terrain, formulations for
describing the suspension layer have to be modiﬁed to take into account
advective eﬀects (e.g., Lehning et al., 2000a). Recent research has focused on
the interaction between turbulence and snow drift in the suspension layer
(Bintanja et al., 2000).
For ﬁnding the concentration at the reference height zref a ﬂux proﬁle fðzÞ
[kgm2 s1] is implemented in the saltationmodel (NishimuraandHunt, 2000):
fðzÞ ¼ / expðkz=ðu2=gÞÞ; ð6Þ
where k is a dimensionless parameter, and g is the acceleration due to gravity
[m s2]. According to the wind-tunnel experiments of Nishimura and Hunt
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(2000), the parameter k is 0.45 for snow. The parameter / [kgm2 s1] can be
determined if the total saltating mass ﬂux Q [kgm1 s1] is known:
/ ¼ Q k
u2=g
 
: ð7Þ
For the reference height in Equation (5) we use the height of the saltation
layer hs, which is calculated from the particle trajectories. The mass con-
centration at the reference height zref follows from Equation (6).
4. Results
In this section, model simulations of snow drift are evaluated against the ﬁeld
measurements from the experimental site. The simulated mass ﬂuxes are
compared with both instantaneous ﬂux measurements from the snow-particle
counter, and with the transported snow mass over longer times measured
with the mechanical traps. The shear stress, which is needed as an input
parameter for the model, is calculated with the eddy-correlation method (1),
or with the proﬁle method (3). For applying Reynolds averaging, the tur-
bulent ﬂuctuations must be statistically stationary over the analysed time
periods (Kaimal and Finnigan, 1994), and implies that the Reynolds shear
stress can only be determined over every 20min to 1 h. For investigating
short term eﬀects, we estimated the instantaneous shear stress from,
sðtÞ ¼ qaðu0ðtÞw0ðtÞ þ v0ðtÞw0ðtÞÞ: ð8Þ
Before analysing the model simulations in comparison with ﬁeld measure-
ments, the measurements of the snow-drift threshold are discussed, since the
threshold is needed as an input parameter for the saltation model.
4.1. THRESHOLD SHEAR STRESS FOR SNOW DRIFT
An important input parameter for the model simulations is the threshold
shear stress for snow drift, i.e. the shear stress that needs to be exceeded for
snow erosion to take place. For the ﬁeld measurements of snow drift at the
Versuchsfeld during the winter of 2000/2001, the threshold was determined
from the combined measurements of the ultrasonic anemometer and the
snow-particle counter. A study of the threshold velocities for Antarctic snow
was done by Mann et al. (2000).
Figure 3 presents an example of the number of particles, measured by the
snow particle counter, as a function of the horizontal wind speed, measured by
the ultrasonic anemometer. At low wind speeds, between 0 and 2ms1, the
number of detected particles is zero or close to zero, and at higher wind speeds,
starting at 2–3ms1, the mass ﬂux increases signiﬁcantly. The other experiments
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show a similar pattern. From Figure 3, we manually determine the threshold
wind speed for this experiment as 2.5 0.5ms1. The threshold friction velocity
follows from Equation (3), when the roughness length z0 is known.
Inveryﬂat terrainovera smoothsnowsurface, the roughnessheight is related
to the size of the particles, which tend to be the largest roughness elements. The
experimental site at the Weissﬂuhjoch, however, has too many obstacles and
surrounding topography to justify this assumption. Therefore the roughness
length must be determined in a diﬀerent manner.
The friction velocity can be directly determined from the three wind
components measured with the ultrasonic anemometer, by combining
Equations (1) and (2). Furthermore, the horizontal wind speed can be cal-
culated concurrently, and averaged over the same time period as used for the
friction velocity. Substituting the results in Equation (3), then yields an
average value for the roughness length z0.
The logarithmic wind proﬁle (3) is valid in neutral conditions for ﬂat
terrain. Although in our experimental site there may be some deviations from
this proﬁle due to the surrounding topography, it will still be approximately
valid close to the surface. For this reason, the ultrasonic anemometer was
mounted close to the ground, at heights between 0.12 and 0.36m. For the
experiments in the winter of 1999/2000, where no ultrasonic anemometer was
available, the threshold was determined with the data from the Young wind
sensors, and the acoustic snow-drift sensor FlowCapt. For the roughness
length, the average of the values from the winter 2000/2001 has been taken,
and the friction velocity determined from Equation (3).
Table II shows the results of the threshold calculations for each experi-
ment. Also the main snow characteristics, such as bulk density, grain size,
dendricity and snow type, are included. The particle dendricity dd is deﬁned
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Figure 3. The number of particles, detected by the snow-particle counter, as a function of the
horizontal wind speed, measured by the ultrasonic anemometer.
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as the ratio between the perimeter p of the particle and its area a, compared
to a circle (Fierz and Baunach, 2000), viz.,
dd ¼ p
2
4pa
: ð9Þ
The density was measured from the upper 0.05m of the snow cover, and the
snow type was determined from the snow classiﬁcation code (Colbeck et al.,
1991). In Table II it is seen that the roughness length stays approximately
constant, with the exception of that on 2 March, where it is much lower than
average. This may be caused by the relatively low wind speeds occurring that
day, which may result in a larger measuring error in the ultrasonic ane-
mometer. The measured snow density was signiﬁcantly larger than the usual
density of new snow (20–100 kgm3), and may be an indication that snow
drift was already occurring during snow fall.
Since the bulk density generally increases after snow is fallen, a positive
correlation between the density and the threshold friction velocity may be
expected. However, this correlation was not conﬁrmed by our measurements.
For the dendricity, the range of measured values was too low to verify a
relation between dendricity and threshold. The strongest correlation found
from these experiments was between the threshold friction velocity and the
grain size, with a correlation coeﬃcient of 0.75 (see Figure 4).
4.2. SNOW DRIFT AT SMALL TIME SCALES
The purpose of this section is to examine the characteristics of snow drift at a
small time scale by measurement and by numerical simulations. This is
important because the mass transport in snow drift strongly depends on the
TABLE II
Results of the ﬁeld experiments: snow properties, roughness length and threshold friction
velocity.
Date Tempera-
ture (C)
Density
(kg m)3)
Grain Size
(lm)
Dendricity Type
of snow
z0
(mm)
u*t
(m s)1)
13 April 2000 )3 120 550 ± 285 2.6 ± 1.0 / 9.0 0.29 ± 0.04
16 April 2000 )2 – 676 ± 287 2.5 ± 0.8 • 9.0 0.29 ± 0.04
21 February 2001 )6 177 540 ± 243 2.1 ± 0.8 / 11.3 0.69 ± 0.12
27 February 2001 )12 185 314 ± 118 2.3 ± 1.6 / 8.8 0.50 ± 0.13
2 March 2001 )9 167 267 ± 174 2.0 ± 0.9 • 1.3 0.21 ± 0.05
4 March 2001 )1 354 313 ± 144 2.7 ± 1.6 / 11.2 0.42 ± 0.14
12 March 2001 2 167 440 ± 178 2.6 ± 1.4 / 4.9 0.51 ± 0.07
22 March 2001 )2 166 342 ± 183 2.6 ± 1.2 / 15.6 0.35 ± 0.18
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occurrence of turbulent bursts. Using the high resolution wind and snow-
drift data, some important characteristics of snow drift in atmospheric tur-
bulence are identiﬁed.
Figure 5 presents the horizontal wind speed (a), the shear stress (b), and
the mass ﬂux measured by the snow-particle counter (c) as a function of time,
for the experiment of 2 March 2001. It is seen that most of the peaks in wind
speed and shear stress are also observed in the mass ﬂux. There are, however,
also some peaks that occur in the wind speed and shear stress, but not in the
mass ﬂux, and vice versa. This may be caused by separation in the sensors; a
small eddy that reaches the snow-particle counter may not be detected by the
ultrasonic anemometer, and vice versa.
As was discussed in Section 3, the model simulations are based on the
assumption that the system is in steady state, and thus adjusts instanta-
neously to changing conditions. It was, however, suggested both by the
numerical simulations of Anderson and Haﬀ (1991) and by the wind-tunnel
experiments of Butterﬁeld (1991) that a saltating system responds to a change
in wind velocity with a time lag of roughly 1–2 s. For our ﬁeld experiments,
this time lag is estimated by calculating the correlation between the measured
shear stress and mass ﬂux for varying time delays. The maximum correlation
was found for time lags between 0 and 1.3 s, which is consistent with the
previously mentioned studies. Remarkable is that for two experiments (4 and
12 March 2001) the correlation between shear stress and mass ﬂux is highest
when there is no time lag. Since it takes a ﬁnite time for the mass ﬂux to
adjust to the ﬂow, it may be that at short time scales our model simulations
overestimate of the mass ﬂux during an increase in wind speed, and under-
estimate during decelerating ﬂow.
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Figure 4. The relation between grain size and threshold friction velocity. The correlation
coeﬃcient is 0.76.
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One other issue concerning snow-drift time scales in ﬁeld experiments, is
the average duration of the drift episodes. The measurements from the snow-
particle counter indicate that, on average, the (short-term) drift episodes last
9.1 s. Furthermore, in our experiments 97% of the snow mass is transported
during drift episodes longer than 5 s, and 93% of the mass is transported in
drift episodes of longer than 10 s.
Finally, in Figure 6 the mass ﬂux measured by the snow-particle counter is
plotted against the horizontal wind speed measured by the ultrasonic ane-
mometer, for the experiment of 4 March 2001. The solid line shows the
simulated mass ﬂux as a function of the wind speed, assuming a logarithmic
wind proﬁle; at high wind speeds (8–10m s1), the measurements show lower
mass ﬂuxes than the simulations. This may be caused by saturation eﬀects of
the snow-particle counter, i.e. the ‘view’ of the receiver may be blocked when
the particle concentration is high. It may, however, also be the case that in
nature there exist saturation eﬀects that are not yet taken into account in the
model, for example caused by inter-particle collisions. If airborne inelastic
particles, such as new snow particles, collide energy will be extracted from the
saltating system, which may result in a decrease of the mass ﬂux. An analysis
of the potential eﬀects of inter-particle collisions in saltation is given in
Sørensen and McEwan (1996).
Figure 5. The horizontal wind speed (a) and shear stress (b) measured by the ultrasonic
anemometer, and the mass ﬂux (c), measured by the snow-particle counter, plotted against
time, for 2 March 2001, 1310–1440.
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4.3. TIME-INTEGRATED SNOW MASS TRANSPORT
The mechanical traps measure the total transported mass over longer
time periods. The numerical model is integrated with the shear stress
data obtained from the measurements of the ultrasonic anemometer,
for validating whether the transported snow mass is accurately simu-
lated.
One of the most important goals of these experiments is to verify whether
the equilibrium saltation model can be applied for practical applications, i.e.
for situations where wind velocity data are only available every 20 min or
less. Therefore, the simulations are made with the shear stress average over
20min as input. The results are presented in Figure 7, which shows a com-
parison between simulated and measured masses of wind-transported snow,
for all experiments listed in Table I. The measured mass on the horizontal
axis is the total snow mass, captured by the lowest snowbag. The dashed line
represents the case where the simulated mass is equal to the measured snow
mass. The correlation between measured and simulated snow mass is 0.64;
furthermore, it is seen that the simulated snow mass is generally underesti-
mated. It occasionally even occurs that the mean shear stress is lower than
the threshold, although it can be seen that snow drift occurred. This
observation may be related to the often heard claim that the maximum wind
peaks, rather than the average wind velocity, are responsible for the mass
transport in drifting snow. This issue is discussed more closely in the next
section.
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Figure 6. The mass ﬂux measured by the snow-particle counter as a function of the wind
speed. The solid line is the simulated ﬂux.
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4.4. TIME-INTEGRATED MASS TRANSPORT: STATISTICAL APPROACH
In Figure 8 the structure of the shear-stress data over 20min is examined. On
the x-axis is the shear stress, and the y-axis represents the probability that the
shear-stress value on the x-axis is exceeded by the instantaneous, measured
shear stress in these 20 min. This is shown for four diﬀerent experiments, and
for each it is seen that the probability of exceeding a certain value of the shear
stress decreases rapidly, and then approaches a value of zero. The curves are
well approximated by an exponential decay, as shown by the dashed lines in
Figure 8:
Pðsm > sÞ ¼ expðCsÞ; ð10Þ
where sm is the measured value of the shear stress, and C is a constant for a
single experiment. The value of C for a certain experiment can be determined
from the relation between the mean shear stress smean and the probability
distribution (10):
smean ¼
Z
s  @P
@s
ds: ð11Þ
Integrating and rewriting yields:
C ¼ 1
smean
: ð12Þ
As a next step, this probability distribution is implemented in the
numerical model. In this way we can investigate qualitatively the distribution
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Figure 7. Simulated snow mass plotted against the measured snow mass for the lowest
snowbag. The model was run once for every 20min during the experiment. The solid line
represents the case that the simulated mass ﬂux is equal to the measured mass ﬂux.
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of the transported mass as a function of the shear stress. Whereas the
probability distribution of the shear stress shows an exponential decay, the
mass ﬂux increases non-linearly as a function of the shear stress, when
the threshold is exceeded.
The combination of these characteristics is illustrated in Figure 9,
which represents part of the measurements for 21 February 2001. The
solid line is produced by using the probability distribution (10), and
the points are from the simulation over the same time period, where
the model is run with the 20Hz data. When the threshold shear stress is
exceeded, the total transported mass increases sharply, due to the high
probability of having this low shear stress. After the maximum, the total
transported mass decreases again. At these high values of the shear stress the
mass ﬂux is high, although the probability function has very small values.
For very high values of the shear stress the mass ﬂux deceases, since the
probability that these shear stress values occurs decreases to zero. The scatter
that is observed in the high resolution simulation is caused by ﬂuctuations in
the wind direction. At high shear stresses, the points from the high resolution
simulation are in general higher than the solid line from the 20-min simu-
lation. The explanation for this may lie in the 20-min averaging of the wind
direction: at high wind velocities, the wind generally is from the main
direction.
In Figure 9 a maximum in the transported mass occurs in the 20-min
simulation at a shear stress of 0.96 Pa. In the same manner, the shear stress at
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Figure 8. Measured and theoretical probability distribution of the shear stress for the
experiments of 21 February 2001 (a), 4 March 2001 (b), 12 March 2001 (c) and 22 March 2001
(d). P on the y-axis is the probability that a certain value of the shear stress is exceeded.
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which the maximum transport occurs is determined for all 20-min time
periods in the experiments. The results are presented in Figure 10. An
approximately linear relation is observed between the mean shear stress and
the shear stress for the maximum transport; the scatter is caused by the
diﬀerences in wind direction. On average, the maximum mass transport oc-
curs at a shear stress of 2.05 times the mean shear stress.
Finally, the total mass transport is simulated for all ﬁeld experiments by
using the parameterisation (10). The simulated transported snow mass is
plotted against the measured transported snow mass (in the lowest snowbag)
in Figure 11. The correlation coeﬃcient for this ﬁgure is 0.72. An important
conclusion, following from these simulations, is that the transported snow
mass can be simulated with only the time-averaged shear-stress data as input.
5. Discussion
A major unknown factor in the snow-drift process is threshold wind speed at
which saltation initiates. It is commonly known that snow type and other
snow properties have a strong inﬂuence on the threshold (Schmidt, 1980), but
its exact value must often be guessed in snow-drift simulations (e.g. Gauer,
1999). In these experiments the threshold wind speed was measured by
combining three-dimensional wind measurements with snow-drift measure-
ments at high time resolution. Although some scatter is observed in these
measurements in natural atmospheric turbulence, the correlation in the data
is high enough to determine the threshold with this method. From these
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Figure 9. The total transported mass as a function of the shear stress. The points are produced
by simulations from 20-Hz data; the solid line is for simulations using the probability dis-
tribution (10).
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experiments threshold friction velocities were found between 0.21 and
0.69m s1. In our measurements the threshold friction velocity is correlated
to the grain size, although for verifying relations between threshold and
particle dendricity or bulk density, more data are needed.
An interesting issue, when comparing wind-tunnel observations with our
ﬁeld measurements, is the diﬀerence in the roughness length. A relation that
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Figure 10. The shear stress at which the maximum mass transport occurs, plotted as a
function of the mean shear stress over 20min.
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Figure 11. Simulated snow mass plotted against the measured snow mass for the lowest snow-
bag. The model was run once for every 20min during the experiment, using the probability
distribution (10). The solid line represents the case that the simulated mass ﬂux is equal to the
measured mass ﬂux.
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is frequently used for describing the roughness length over water or blowing
snow is that of Charnock (1955):
z0 ¼ a u
2

g
; ð13Þ
where a is a constant and g is the acceleration due to gravity. The idea
behind this equation is that the roughness increases due to the saltat-
ing grains, and the roughness length should be proportional to the height
of the saltation layer. With a value for a of 0.016, as measured by
Chamberlain (1983), the roughness length has an order of magnitude of a
few millimetres. Our ﬁeld measurements, however, show much higher val-
ues of about 10mm. The reason for this is that at our experimental site
the roughness length is mainly determined by surrounding topography
and obstacles, rather than by the size of the snow grains. Also
smaller topographic features on the surface, such as snow ripples, may be
important.
This may also lead to a diﬀerence in the way that mass ﬂuxes should be
simulated. Both in numerical simulations (McEwan and Willets, 1991) and in
wind-tunnel measurements (Nemoto and Nishimura, 2001) it was shown that
the total shear stress increases with the development of saltation. This in-
crease in the shear stress is caused by the mutual feedback between air ﬂow
and the saltation layer after the increase in roughness. This mechanism may,
however, play a much smaller role during saltation in atmospheric ﬂow near
mountainous terrain, considering that the roughness length we measured is
already greater than the roughness of a saltation layer. In the saltation model
no increase in shear stress is taken into account.
In the numerical model a distinction is made between the cases where
either aerodynamic entrainment or rebound is the dominant process in the
saltation layer (Doorschot and Lehning, 2002). In the presented simulations
the model indicates aerodynamic entrainment as the dominant process for all
experiments. This may be explained by the relatively low density and high
dendricity that was measured for the snow particles. The experiments all took
place soon after snowfall, when the particles are still too dendritic and
inelastic to rebound over the surface.
When using a numerical saltation or suspension model for simulating mass
ﬂuxes in atmospheric turbulence, consideration has to be given to the time-
scales that are important for the snow-drift process. For such simulations, the
shear stress is needed as an input parameter. The Reynolds shear stress is
determined by averaging wind data over 20 min to 1 h. In nature it is,
however, observed that saltation occurs in turbulent waves and bursts, and is
a highly intermittent process. This makes it questionable whether the time-
scale used for Reynolds averaging is also decisive for the mass transport of
snow by the wind. This contrast is reﬂected in our simulation results: it is seen
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that the maximum transport does not occur at the mean shear stress, but at
roughly twice its value.
It therefore seems likely that the snow-drift process is better captured by
analysing it at smaller time scales. The model has the implicit assumption that
the saltating system responds instantaneously to changing conditions, which
may cause a deﬁciency between measurements and simulations at short time
scales. In our measurements a time lag between shear stress and drift signal of
between 0 and 1.3m s1 is observed. The results of the simulations presented in
Figure 11 may however be an indication that the eﬀects of this time lag on the
mass-ﬂux average out over longer times. Furthermore, it was shown in
Doorschot and Lehning (2002) that the eﬀect of the feedback of particles on
the airﬂow starts to become important when the process of rebound becomes
dominant over aerodynamic entrainment. In the presented simulations aero-
dynamic entrainment is, however, the most important process, which may also
suggest that at smaller time scales the error in the simulations stays relatively
small. Finally, it was shown that short term eﬀects can also be taken into
account by implementing a probability distribution for the shear stress. In this
manner, mass-ﬂux simulations can be performed with only the average shear
stress as input. This result is important for enabling the use of the model for
operational applications, where often only average wind data are available.
In future, the numerical model will be used for simulating snow-height dis-
tributions in Alpine terrain after a snow-drift episode. Preliminary results of
such simulations have been presented in Lehning et al. (2000a). With the pre-
sentedmeasurements the saltationmodel has been evaluated in ﬂat terrain. For
assessing the model in complex terrain, measurements of mass ﬂuxes in snow
drift also need to be carried out on uphill and downhill slopes. For steep
mountains, it is often observed that boundary-layer separation and the creation
of a cavity occur in the leeward slope near the ridge. In these regions, it may be
that suspension is farmore important than saltation, due to the high turbulence
intensity and the highly irregular snow patterns (e.g., cornices). Further down
the lee it is however often seen that large ripples develop, which indicates that
saltation occurs. The ripplewavelength in these slopes is generally larger than in
ﬂat terrain (0.5–1m). This observation is likely to be related to the trajectory
length of saltating grains, which is increased on downhill slopes by the more
dominant gravity forces. In this situation the particles will also be accelerated
more than in ﬂat terrain, which may suggest that the process of rebound could
then become dominant over aerodynamic entrainment.
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